Guanylate binding proteins (GBPs) are interferon-inducible cellular factors that belong to the superfamily of guanosine triphosphatases (GTPases) and play important roles in the cell-intrinsic defense against bacteria, protozoa and viruses. In a recent report in Cell Host & Microbe, we identify GBP5 as novel restriction factor of HIV-1 that reduces the infectivity of progeny virions by interfering with processing and incorporation of the viral envelope (Env) glycoprotein. The inhibitory activity of GBP5 requires C-terminal isoprenylation, mediating Golgi-association, but not its GTPase function. Notably, GBP5 expression levels vary considerably in human macrophages and inversely correlate with infectious virus yield. We demonstrate that GBP5 can be evaded by an unusual tradeoff mechanism: Naturally occurring mutations in the start codon of the viral accessory gene vpu attenuate GBP5 inhibition by increasing Env expression at the cost of Vpu function. Whether direct counteraction mechanisms or more subtle changes balancing Vpu and Env expression also affect HIV-1 inhibition by GBP5 remains to be clarified. Other open questions are whether GBP5 restricts HIV-1 in CD4
Restriction factors are host-encoded proteins that inhibit viral pathogens by targeting various steps in the viral replication cycle.
1,2 They represent key effectors of antiviral immune responses and play an important role as barriers to cross-species transmissions and in limiting viral spread. 3, 4 Despite their enormous structural and functional diversity, restriction factors frequently share several characteristics: Most of them are cell-intrinsic proteins whose expression is induced or further upregulated by interferons (IFNs) in response to invading pathogens. 5 Furthermore, restriction factors frequently interact with viral proteins because they target the viral replication cycle and/or because they are counteracted by viral antagonists. 4, 6 As a result, restriction factors are in a constant arms race with viruses and typically display signatures of strong positive selection pressure. 7 We recently used these characteristics as distinctive features in a genome-wide screen to identify previously uncharacterized antiretroviral proteins. 8 One interesting candidate identified was guanylate binding protein 5 (GBP5). This factor belongs to the superfamily of IFN-inducible guanosine triphosphatases (GTPases) comprising 4 subfamilies: guanylate binding proteins (GBPs), immunityrelated GTPases (IRGs), very large inducible GTPases (VLIGs) and myxovirus resistance (Mx) proteins. 9 Members of these protein families are well-known to participate in cell-intrinsic immunity against bacteria, protozoa and viruses. 9 The human MxA protein, for example, is a well-established restriction factor of influenza A viruses. 10 Additionally, growing evidence highlights the role of IFN-inducible GTPases in the control of HIV-1 infection. For example, the interferon-inducible myxovirus resistance protein B (MxB) inhibits HIV-1 replication by targeting the viral capsid, resulting in impaired integration of viral DNA into the host genome. [11] [12] [13] However, the relative contribution of MxB to IFNinduced HIV restriction is still controversial.
14 In contrast to MxB, GBP5 targets the viral envelope (Env) glycoprotein to reduce infectivity of progeny virions. 8, 15 Reduced virion infectivity in the presence of GBP5 correlates with impaired Env processing and incorporation. 15 The Env precursor gp160 is produced on the rough endoplasmic reticulum, where N-linked oligosaccharide side chains are attached cotranslationally. 16 During anterograde trafficking through the Golgi apparatus to the cell membrane, gp160 trimerizes and is cleaved by cellular proteases into the surface glycoprotein gp120 and the transmembrane glycoprotein gp41. 17 Mature gp120/gp41 trimers assemble at the plasma membrane and are incorporated into budding virions, where they mediate infection of new target cells. GBP5 decreases the levels of mature gp120 while increasing incorporation of unprocessed gp160 into progeny virions and thus impairs their ability to fuse with target cells. Our findings suggest that GBP5 targets Env processing in the Golgi apparatus and thereby impairs trafficking to the cell surface and subsequent incorporation. 15 GBP5 may exert broad antiretroviral activity as it also reduces infection mediated by the envelope glycoprotein of murine leukemia virus (MLV). 15 However, vesicular stomatitis virus glycoprotein (VSV-G)-dependent infection is not affected by GBP5. 15 Notably, 2 other cellular factors, 90K and membraneassociated-RING-CH8 (MARCH8), have also been shown to impair HIV-1 infectivity by targeting the Env glycoprotein ( Fig. 1) . 18, 19 90K is an interferon-stimulated factor belonging to the family of scavenger receptor cysteine-rich (SRCR) domain-containing proteins that is upregulated in individuals with cancer or HIV-1 infection. 20 Cell-associated 90K, but not its secreted form, reduces HIV-1 infectivity by decreasing proteolytic processing of Env and virion-association of mature gp120 and gp41. 18 Similarly, MARCH8 decreases surface expression and incorporation of retroviral Envs, but additionally also targets VSV-G. 19 MARCH8 is a RINGfinger E3 ubiquitin ligase that downregulates various transmembrane proteins from the cell surface. It has been suggested that recognition of entire 3-dimensional structures of transmembrane domains, rather than specific motifs, might confer broad antiviral activity to MARCH8. 19 The interplay between GBP5, 90K and MARCH8 in inhibiting HIV-1 and potentially other enveloped viruses, as well as their relative contribution to antiretroviral immunity require further investigation.
Expression of host restriction factors is commonly induced as part of the IFN-response to invading viruses. 21 90K and MARCH8 are predominantly expressed in macrophages and only slightly inducible by IFNs. 18, 19 In contrast, GBP5 is expressed and strongly inducible by type I and II IFNs in macrophages as well Figure 1 . Antiviral factors targeting the Env glycoprotein. GBP5 and 90K reduce the infectivity of progeny virions by impaired processing of the gp160 precursor, resulting in reduced incorporation of mature gp120/gp41. 15, 18 The membrane-associated protein MARCH8 downmodulates Env from the cell surface, thereby preventing its incorporation into budding virions. 19 as in CD4 C T cells, the main target cells of HIV. Notably, also HIV-1 infection induces GBP5 expression. This is in agreement with a correlation between GBP5 transcripts and viral RNA loads in infected individuals. 15 We noted that basal GBP5 expression levels vary considerably in macrophages from different blood donors. Strikingly, infectious virus yield inversely correlates with GBP5 expression levels over several orders of magnitude. siRNA-mediated knockdown confirmed that GBP5 inhibits HIV-1 replication in these cells by reducing the infectivity of progeny viruses. 15 It is long known that the susceptibility of macrophages to HIV-1 replication varies substantially between infected individuals. This phenomenon could only in part be attributed to different levels of the viral CD4 receptor and the presence of a 32 base pair deletion in the ccr5 gene that reduces CCR5 coreceptor expression. [22] [23] [24] Our findings provide a plausible explanation for the large donor variation in the susceptibility of macrophages to HIV-1 infection. 15 In humans, 7 closely related paralogs have been identified within the family of guanylate binding proteins (GBP1-7).
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These 67-73 kDa proteins exhibit a bidomain architecture comprising a globular N-terminal G-domain and a C-terminal helical domain (CTHD). 9 The G-domain harbors the GTPase activity, which allows hydrolysis of GTP to GDP and GMP. 26, 27 Additionally, GBP1, GBP2 and GBP5 contain an isoprenylation motif (CaaX) at their C-terminus, where lipid moieties can be attached to anchor these cytosolic proteins to membranes of the Golgi apparatus. 27, 28 Our mutational analyses show that the GTPase function of GBP5 is dispensable for its ability to inhibit HIV-1. However, an isoform of GBP5 lacking 97 amino acids at its C-terminus, as well as a mutant containing a cysteine to alanine substitution at amino acid position 583 that prevents isoprenylation, lack antiviral activity. 15 This is conceivable as isoprenylation allows localization of GBP5 in membranes of the Golgi apparatus, the site of Env processing.
The human gbp cluster originated from gene duplication events and all human GBPs exhibit high sequence homology. 25 It will therefore be interesting to investigate whether other members of the human GBP family share the antiretroviral properties of GBP5. GPB1, the closest relative of GBP5, contains a C-terminal isoprenylation motif and has been reported to exert antiviral activity against dengue, hepatitis C, vesicular stomatitis and encephalomyocarditis viruses. [29] [30] [31] However, GBP1 does not inhibit HIV-1.
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GBP2 is another potential antiretroviral effector because it shares a C-terminal CxxL motif with GBP5 that serves as attachment signal for geranylgeranyl moieties. In contrast, the C-terminal CaaS motif in GBP1 is farnesylated. 28 Since the identity of the lipid moiety co-determines the subcellular localization of GBPs, 27 geranylgeranylation might be critical for antiretroviral activity. It will also be interesting to analyze the evolutionary conservation of GBP5-mediated restriction. In silico analyses of the gbp locus revealed that several gene duplication and gene loss events occurred during mammalian evolution. As a result, various species differ in the presence of distinct gbp paralogs within this gene cluster. Thus, it is of interest to clarify whether gain of antiviral activity by other GBP family members might have removed the selective pressure to maintain gbp5 in species that lack expression of this paralog, and whether viruses derived from these species are particularly susceptible to this restriction factor.
One common feature of relevant restriction factors is that viruses evade them by evolving escape mutations or direct counteraction strategies. 4, 6 To achieve the latter, primate lentiviruses express a variety of so-called accessory proteins (Vif, Vpr, Vpu, Nef and Vpx). 4 Some of the respective genes partially overlap with other open reading frames in the viral genome. For example, the 3 0 -end of HIV-1 vpu overlaps with env and both proteins are expressed from a bicistronic mRNA (Fig. 2) . Thus, Env expression depends on leaky ribosomal scanning and/or ribosomal shunting. 32, 33 Accordingly, previous studies have shown that naturally occurring mutations in the vpu start codon increase Env expression by allowing immediate translation of env. 34 We confirmed this and further showed that increased expression and incorporation of Env into viral particles reduces their sensitivity to GBP5 inhibition. 15 Thus, GBP5 can be counteracted by an unusual tradeoff mechanism, in which Env expression is increased at the cost of Vpu functions. 15 Mutations in the vpu initiation codon increasing Env expression are usually associated with significant disadvantages for the virus as Vpu counteracts the restriction factor tetherin and degrades CD4 to enable efficient release of budding virions. 2 Furthermore, Vpu inhibits activation of the transcription factor NF-kB to suppress expression of antiviral genes. 35 Finally, increased expression and virion incorporation of Env might hamper viral replication due to increased susceptibility to neutralizing antibodies and antibody-dependent cell-mediated cytotoxicity (ADCC). 36 Nevertheless, mutations in the vpu initiation codon are found at an unusual high frequency, particularly in macrophagetropic HIV-1 strains. 34, 37, 38, 39 Thus, vpu-mutations that reduce viral susceptibility to GBP5 might be beneficial in specific cell types and body compartments associated with a reduced selective pressure for Vpu function and low Env expression. Vpu-mediated degradation of CD4, for example, might be less critical in macrophages, since these cells only express low levels of this receptor. 40 Furthermore, lack of Vpu-mediated tetherin antagonism increases the number of virions that are retained at the cell surface and may thereby facilitate direct cell-to-cell transmission of HIV-1. 41 In immunosecluded environments, such as the brain, lack of Vpu-mediated NFk-B inhibition might even be beneficial for the virus. NF-kB is not only important for antiviral gene expression but also a key enhancer of HIV-1 gene expression via the long-terminal repeat (LTR) promoter. 42 Lack of Vpu-mediated NF-kB inhibition might thus increase LTR activity and virus production. 35 This might explain why vpu-deficient HIV-1 strains replicate efficiently in macrophages and produce similar amounts of cell-free virus as their counterparts with intact vpu genes despite reduced virion release efficiency. 15, 34, 38 Complete loss of Vpu expression is only the extreme of many alterations that might affect the balance between vpu and env expression and hence the susceptibility of HIV-1 to GBP5 inhibition. For example, a minimal upstream open reading frame (uORF) consisting only of a start and stop codon that partially overlaps with the vpu transcription start site has been shown to enhance ribosomal access to the env start codon (Fig. 2) . 43 Furthermore, changes in the strength of the vpu upstream noncoding nucleotides (Kozak consensus), as well as mutations in the rev1-vpu intergenic region might influence env expression levels. 43, 44 In addition, it has been shown that transmitted-founder (TF) virions are more infectious and contain about twice as much Env as chronic HIV variants. 45 These differences were ascribed to specific sequence signatures in the signal peptide of Env. While a positively charged amino acid at position 12 in TF strains was associated with high Env expression and trafficking, non-basic residues were enriched in viruses from chronically infected individuals. 46, 47 It will be interesting to determine possible correlations between alterations in the HIV-1 genome enhancing Env expression and the levels of GBP5, 90K and MARCH8 expression in HIV-1 infected individuals.
While it has been established that HIV-1 particles contain only approximately 10 Env spikes, 16 surprisingly little is known about the levels of Env expression and virion incorporation by other primate lentiviruses. Notably, a vpu gene is only found in HIV-1 and its SIV precursors from chimpanzees and gorillas, as well as closely related SIVs infecting greater-spot nosed monkeys, mustached monkeys, mona and dent's mona monkeys. Thus, most primate lentiviruses do not need to balance Vpu and Env expression and it remains to be determined whether primate lentiviruses that do not encode vpu are less sensitive to GBP5 because they might express higher levels of Env.
Several highly relevant restriction factors, such as APO-BEC3G, Tetherin, SAMHD1 and SERINC5, are directly antagonized by the accessory proteins Vif, Vpu, Vpx and Nef of primate lentiviruses. 2 Whether GBP5 is also directly counteracted requires further investigation. It has long been known that the accessory protein Vpr promotes HIV-1 replication in macrophages, 48 and more recently, it has been suggested that Vpr overcomes a macrophagespecific restriction of Env expression and virion production. 49 However, it is unclear if Vpr directly antagonizes an antiviral effector or rather inhibits the induction of a restriction factor that targets Env and is induced as part of the innate antiviral IFN response. 49, 50 Although it is unlikely that HIV-1 Vpr counteracts GBP5, since it efficiently inhibits virion infectivity in the presence of Vpr, 15 these findings add to the accumulating evidence that retroviral Env is a suitable target for antiviral proteins. 15, 18, 19 Thus far, however, HIV-1 inhibition by targeting Env glycoproteins has only been demonstrated in macrophages. 15, 18, 19, 49 Since GBP5 is also efficiently expressed and further inducible in CD4 C T cells, 15 it will be [45] [46] [47] interesting to determine whether it also restricts retroviral infectivity in this major HIV-1 target cell type.
The identification of GBP5 as a relevant effector of the antiretroviral IFN-response adds to the growing evidence that IFN-inducible guanosine triphosphatases play an important role in innate immune responses against various pathogens. [9] [10] [11] [12] [13] 15 Furthermore, it is striking that 2 GTPases, i.e. MxB and GBP5, inhibit HIV-1 replication by targeting different steps of the viral replication cycle and that GTPase activity seems dispensable in both cases. 11, 13, 15 Thus, further studies to fully define the evolution, relevance and antiviral mechanisms of IFNinducible GTPases are clearly warranted. 
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